DNA helicases have important roles in various DNA transactions, including DNA replication, recombination and repair, and thus their down regulation often results in genome instability.
3)
The Pif1 DNA helicase (Pif1p) was identified first in Saccharomyces cerevisiae 4) and was classified as a member of SFI helicase conserved from yeast to human. 5) The function of Pif1p is implicated in mtDNA repair, 6) rDNA replication [7] [8] [9] and in the regulation of telomere length. 10, 11) Also Pif1p is thought to be a region-specific DNA helicase because it requires a specific DNA structure for the efficient DNA unwinding in vitro.
12) The yeast Pif1p was found to unwind DNA in a 5Ј-to-3Ј direction. 13) S. cerevisiae cells have two homologues of Pif1-like helicases, Pif1p itself and Rrm3p. The Rrm3p helicase is thought to solve the replication forks traversing protein-DNA complexes that occur in impediments in S phase progression.
9) The yeast cells lacking both Pif1 and Rrm3 helicase genes are viable although the mutant cells show elevated genome instability. 8) In contrast, Pfh1p, the Pif1-like helicase in Saccharomyces pombe, is essential for viability and it was speculated that Pfh1p plays important roles in the replication of chromosome DNA. 14, 15) Thus, although Pif1-like helicases exist in many organisms, most of studies have been made with yeast species, and little is known for Pif1 helicase in mammalian cells. Recently, Zhang et al. reported that the human Pif1 in the nucleus participated in the maintenance of telomere length. 16) In this paper, we describe the human Pif1 gene, and characterize two isoforms of gene products for the first time which are generated by the alternative splicing, focusing on their differential subcellular localization.
MATERIALS AND METHODS

Cell Culture and Transfection HeLa cells were cultured in Dulbecco's Modified Eagle Medium (DMEM;
Sigma, St. Louis, MO, U.S.A.) supplemented with 10% (vol/vol) fetal calf serum (FCS) (Sigma, St. Louis, MO, U.S.A.). The cells were incubated at 37°C in a humidified chamber supplemented with 5% CO 2 . Various types of recombinant Pif1 helicase was expressed in HeLa cells by transfection of the hPif1 expression plasmid DNAs, using Effectene Transfection Reagent (Qiagen K.K., Tokyo, Japan). To serum-arrested cells, HeLa cells were incubated in serumfree medium for 120 h. The cell cycle was stimulated by adding medium containing 10% FCS, and the cells were harvested at 0, 3, 6, 12, 18, 24 h.
Confocal Microscopic Analysis of hPif1(s) Different types of mutant hPif1(s) were made as fusion proteins with FLAG or enhanced green fluorescence protein (EGFP) to investigate the molecular signals responsible for intracellular location. The expression plasmids consisting of pcDNA3 vector and PCR-amplified hPif1 DNA fragments were constructed to generate serially deleted mutants of hPif1 in HeLa cells: the structure of those hPif1 deletion mutants were summarized in Fig. 2A . The nucleotide sequence GACTACAAG-GACGACGACGACAAG encoding FLAG was placed in pcDNA3 vector beforehand in order to label the expressed hPif1 by FLAG at 5Ј or 3Ј terminus. The EGFP tagged hPif1 was also made either with pEGFP-C1 (N terminal tag) or pEGFP-N1 plasmid (C terminal tag) (BD Biosciences Clontech, CA, U.S.A.). Twelve to twenty-four hours after transfection of the expression plasmids, HeLa cells were cultured for 60 min at 37°C on cover slips of microscope slides placed in fresh medium containing 500 nM MitoTracker Red dye (Molecular Probes, Eugene, OR, U.S.A.) that specifically stains mitochondria. The cells were fixed with 3.7% formaldehyde in phosphate-buffered saline (PBS) at room temperature for 10 min, and then were permeabilized with 0.1% Triton X-100 in PBS for 5 min. To detect Pif1 helicase, the cells were treated with 3% skimmed milk in PBS for 60 min and were incubated overnight with primary antibodies at 4°C. Mouse monoclonal antibodies against the FLAG polypeptide M2 is from Sigma (St. Louis, MO, U.S.A.). The hPif1-beta specific polyclonal antibodies were prepared by injecting rabbit a KLH-conjugated hPif1 C-terminal polypeptide CARPSLAQPRTNTLQSLT (residues 666-682), and were used for western blot experiment. The slides were washed with 0.05% Tween-20 in PBS (PBS-T) three times and were incubated with Alexa 488-conjugated antibody (Molecular Probes, Eugene, OR, U.S.A.) as secondary antibodies for 60 min at room temperature. Fluorescent images were visualized by using a confocal laser-scanning microscope (Fluoview II; Olympus, Tokyo, Japan).
Subcellular Fractionation of HeLa Cells Nuclear and mitochondria fractions were obtained from a total of ten confluent 90 mm tissue culture dishes of HeLa cells as described by Clayton and Doda with a little modification. 17) All procedures were done on ice. The cells were washed in ice-cold PBS, were scraped from dishes and then were re-suspended in 11 ml of RSB buffer containing 10 mM NaCl, 1.5 mM MgCl 2 and 10 mM Tris-HCl (pH 7.5). The cells were swollen for 10 min. And then they were ruptured with several strokes of Dunce homogenizer having a tight-fitting pestle. To the cell lysate was added immediately 8 ml of 2.5ϫMS buffer (525 mM mannitol, 175 mM sucrose, 12.5 mM Tris-HCl (pH 7.5)), 2.5 mM EDTA to give a final concentration of 1ϫMS buffer. The cell lysate was centrifuged three times at 1300ϫg for 5 min to remove nuclei, unbroken cells and large membrane fragments. To prepare the "nuclear fraction", the pellets was re-suspended in 0.88 M sucrose and 5 mM magnesium acetate and were centrifuged at 2500ϫg for 20 min. The supernatant fraction was centrifuged at 17000ϫg for 15 min to pellet mitochondria. The pelleted crude mitochondria was washed by suspending then in 1ϫMS buffer. This centrifugation process and washing were repeated. The mitochondria fraction was further purified by sucrose density gradient centrifugation. The crude mitochondria fraction was layered on the top of a sucrose step-gradient containing 1.0 M sucrose over the 1.5 M sucrose. The sucrose gradient was centrifuged at 60000ϫg for 20 min in an SW28 rotor (Beckman, CA, U.S.A.), and the mitochondria fraction was collected with a Pasteur pipette by gently sweeping across the top of the 1.5 M layer. This mitochondria fraction was then diluted by sufficient volumes of 1ϫMS buffer, and was centrifuged at 17000ϫg for 15 min. The pellet was re-suspended in 1ϫMS buffer to yield "purified mitochondria".
Immunoblot Analysis of Pif1 Helicases Cells were washed with ice-cold PBS, were pelleted and then were lysed in sodium dodecyl sulfate (SDS) sample buffer (1% SDS, 30 mM Tris-HCl (pH 6.8), 0.2 M dithiothreitol (DTT), 2% beta-mercaptoethanol, and 20% glycerol). The cell lysate was boiled for 5 min and was electrophoresed on 7.5% SDSpolyacrylamide gels. Proteins fractionated on the gels were electrophoretically transferred to polyvinylidene difluoride membranes (Immobilon, Millipore, MA, U.S.A.) and were incubated overnight with 5% skimmed milk in PBS. The membranes were then incubated with either anti-hPif1 C-terminus antibodies, anti-FLAG monoclonal IgG, anti-human mitochondria (M117; Leinco Technologies, Inc., St. Louis, MO, U.S.A.) or with anti-B23 (Santa Cruz Biotechnology, Inc., CA, U.S.A.) for 60 min at room temperature. They were then washed with PBS-T and then were incubated with antimouse or anti-rabbit IgG conjugated with horseradish peroxidase (DakoCytomation, Carpinteria, CA, U.S.A.) for 60 min at room temperature to detect the presence of expressed Pif1 helicases. After incubation, the membranes were washed and were developed for visualization by using ECL plus (Amersham Biosciences, U.K.).
Specific Gene Silencing by RNA Interference (RNAi) All siRNAs used for specific gene silencing had a 21 bp duplex complementary with a unique sequence to the target gene. All these siRNAs had an extra dTdT overhang at their 3Ј ends. hPif1 siRNA; P2 5Ј-GGCCAGAGCAUCUUCUUCAdTdT-3Ј and P8 5Ј-GGCAUGACCCUGGAUUGUGdTdT-3Ј matched with 661-679 and 1675-1693 residues, respectively, of the hPif1 ORF regions (shared DDBJ accession no. AB185926/AB185927). These sequences had no identical sequences except itself among the registered human genome as investigated by a Smith and Waterman homology search. For a negative control of non-silencing (NS) siRNA, an siRNA duplex having sequence 5Ј-UUCUCCGAACGUGUCACGUdTdT-3Ј was used. All these siRNA were prepared by NIPPON EGT Co., Ltd. (Toyama, Japan). Transfection of each siRNA (20 nM) was done with Oligofectamine (Invitrogen, CA, U.S.A.). The down-regulation of hPif1 transcription and protein synthesis was confirmed by quantitative RT-PCR and Western blotting, respectively.
Flow Cytometry Analysis of the Cell Cycle of the hPif1-siRNA Treated Cells The siRNA-treated cells were harvested after brief incubation with trypsin at post siRNA treatment 48, 72, 96 h. To measure the DNA content, the cells were stained with propidium iodide (Sigma, St. Louise, MO, U.S.A.) and were analyzed by using a flow cytometer. Fluorescence was measured by using an EPICS XL (Beckman Coulter K.K., Tokyo, Japan). For each sample, 7000 events were analyzed.
Purification of the Recombinant hPif1 Protein Recombinant hPif1 was expressed in insect Sf9 cells by using BAC-to-BAC baculovirus expression systems (GIBCO BRL). To this end, the hPif1 open reading frame (ORF) (nuclear localization type) was truncated in the 5Ј terminal region encoding nuclear localization signals and was cloned into a pFast Bac vector. Sf9 cells were infected with the recombinant baculovirus for 60 h, harvested by centrifugation, washed once with cold PBS, and were stored at Ϫ80°C. To purify the recombinant protein product, SF9 cells were thawed, re-suspended in sonication buffer (50 mM Tris-HCl (pH 8.0), 0.3 M NaCl, 10% glycerol, 0.5% NP-40, 0.5 mM phenylmethylsulfonyl fluoride, complete inhibitor cocktail (Roche Diagnostics, IN, U.S.A.), and were lysed by sonication. The lysate was centrifuged at 10000ϫg for 50 min to remove cell debris and insoluble materials. The 6ϫHis-fused hPif1 in the supernatant was purified by using Ni-NTA column chromatography (Qiagen, Germany). The resin was washed stepwise with low concentrations (5-25 mM) of imidazaole and the recombinant hPif1 helicase proteins were eluted with 50 mM Tris-HCl (pH 8.0) buffer containing 150 mM NaCl, 20% glycerol, 10 mM 2-mercaptoethanol and 300 mM imidazole.
Determination of ATPase Activity ATPase activity in the purified recombinant hPif1 helicase was monitored by using a colorimetric method with malachite green reagent. The reaction mixture (20 ml) containing 10 nM recombinant protein, 50 mM Tris-HCl (pH 8.0), 5 mM NaCl, 1 mM MgCl 2 , 0.25 mM ATP, 2 mM DTT, 250 mg/ml bovin serum albumin (BSA) and 10 mg/ml salmon testis DNA was incubated for 20 min at 37°C. The reaction was stopped by adding 50 mM EDTA and the color was developed by adding 65 ml SM-MG reagent (0.034% malachite green, 1.26% sodium molybdate in 1.25 M HCl). The absorbance at 650 nm was measured by using a Wallac multilabel counter (Perkin-Elmer, Tokyo) at 2 min after the color development.
Determination of Helicase Activity The helicase assay was done according to Futami et al. with a slight modification. 18) Briefly, a TAMRA-labeled oligonucleotide (Hokkaido System Science, Sapporo, Japan) was used as a reporter strand. The complementary strand was annealed to form a TAMRA-labeled duplex that was used as the substrate for the helicase reaction. To detect hPif1 helicase activity, the reaction mixture was used containing 50 mM Tris-HCl (pH 8.0), 100 mM NaCl, 250 mg/ml BSA, 1 mM MgCl 2 , 2 mM ATP, 2 mM DTT, 10 nM hPif1 helicase, 2 nM substrate and 8 nM trapper single strand DNA (the same sequence to reporter strand). The reaction was continued by incubation at 37°C for 20 min, and it was stopped by adding 4 ml 5ϫstop solution containing 0.1% xylene cyanol, 100 mM Tris-HCl (pH 8.0) and 50% glycerol. An aliquot of reaction mixture was analyzed for strand unwinding by using 12% polyacrylamide gel electrophoresis in Tris-borate-EDTA buffer. After electrophoresis, the gel was visualized by laser scanning using a fluorescent image analyzer FMBIO II Multi-View and FMBIO Analysis version 6.0 software (Hitachi Software Engineering, Yokohama, Japan).
RESULTS
Human Pif1 Gene Encoding Two Isoforms of hPif
Part of the Pif1-like sequence in the human genome has been registered in the GenBank database (XM_290643), and the conserved helicase motifs were reported by contiguous expressed sequence tagging. 12) However, the complete sequence of the human Pif1 gene is not available. To obtain the fullsize gene, the GenBank-registered Sequence XM_290643 was used to clone the Pif1 gene from the human testis cDNA library. First, the registered sequences were extended in the 3Ј and 5Ј directions by a series of Marathon Ready PCRs to obtain longer cDNA sequences. But, only the 5Ј-truncated clone (without 1st ATG) was obtained after the sequence analysis. To know the exact transcription initiation site, i.e., the 5Ј capping site of this gene, so-called cap site cDNA cloning was done, using the 5Ј-replaced testis cDNA library. 19) The nucleotide sequence analysis of the full-size cDNA clones showed that there were two types of cDNA clones that encoded ORF of hPif1. After aligning and mapping to human genome sequences, we found that the two isoformic transcripts were generated by differential exon usage. These new sequences were deposited in the DDBJ. The long transcript type (2688 bp) encoded 641 amino acids (hPif1-alpha type; accession number is AB185926), and the short transcript type (2295 bp) encoded a protein of 707 amino acids, which is a splicing variant missing the last exon (hPif1-beta type; accession number is AB185927). These two isoforms hPif1 shared conserved helicase motifs but they had differential C-terminal regions (Fig. 1) .
Structural Features of hPif1 Helicase Both the human Pif1 cDNA genes encoding 707 and 641 amino acid residues were confirmed to encode the seven conserved motifs of DNA helicase by using ClastalW 1.8. The amino acid homology search among the Pif1-like subfamily within the helicase region was done according to Bessler et al. 12) The conserved domain of hPif1 was 37.5%, 36.5% and 40.6% homologous to yeast Pif1p, Rrm3p and Pfh1p, respectively, and was highly homologous (90.9%) to mouse Pif1 (accession no. 4631410M4) (data not shown). However, surprisingly N-and C-terminal regions of human Pif1 helicases had no marked homology to any other Pif1 family proteins. The argininerich sequences in the N-terminus is common for two human Pif1 helicase isoforms, but the lipocalin signature (PDOC00187 in PROSITE), a characteristic protein secretion signal, was found only at the C-terminus in the beta-type isoform.
Intracellular Localization of Human Pif1
Because the yeast Pif1 gene product localizes in mitochondria, 6) we expected that human Pif1 helicase has mitochondrial targeting signal (MTS) in the molecule. MTS often locates in the Nterminal region, and is rich in basic amino acid, serine and leucine residues, and is rare in acidic amino acid residues. It is reported that many MTS pre-sequences can fold into a surface-active amphiliphic alpha helix. 20, 21) Accordingly, we analyzed the N-terminal region of human Pif1 by using the computational program PSORTII 22) <http://psort.nibb.ac.jp/> that predicts the possibility of MTS. However, no clear sign of MTS was found.
Deletion Analysis for Subcellular Localization Signals in hPif1 To define the intracellular localization of hPif1, a total of twenty deletion mutants as summarized in Fig. 2A was made by recombinant DNA technology and each of them expressed in HeLa cells and their subcellular locations were analyzed. Individual mutant hPif1(s) were prepared in N-or C-terminally tagged forms with FLAG or EGFP so that the subcellular localization of the mutant hPif1 was examined by detection of fluorescent light. Fluorescent signals of free (A) A series of deletion mutants prepared for this study are summarized. Numerals designate the amino acid residues constituting the two complete and twenty mutant hPif1(s). Numerals in the parentheses designate the mutant hPif1 species and they also match with the number of picture in Fig. 2B in which the corresponding mutant hPif1(s) were used for expression study to know the subcellular localization. (B) Two types of complete hPif1 were expressed in HeLa cells. FLAG or EGFP signals are indicated in green. Red signals show mitochondrial specific staining (see Material and Methods). FLAG or EGFP was used as an epitope tag at the N-or C-terminus of hPif1 as shown in Fig. 2A . Twenty different hPif1 mutants were expressed in HeLa cells similarly to the complete hPif1 in order to determine the domains required for nuclear or mitochondrial localization. The hPif1 mutants truncated at the C-terminal region were distributed in the nucleus, and those with N-terminally truncated mutants remained in the mitochondrial fraction. FLAG or EGFP with small molecular weights were diffused in the cell under our analysis condition. The study showed that the N-terminal region (amino acids 1-124) which contains arginin rich sequences was essential for both isoforms to sort hPif1 proteins into the nucleus (Fig. 2B-16, 17) . By contrast, the C-terminal region of beta-type was found to be important to sort hPif1 proteins with the mitochondria. In particular, the C-terminal 623-657 amino acid residues appeared to be essential for the mitochondrial sorting (Fig. 2B-10, 13) . The results indicated that hPif1 has a structural diverge point at around the position 623 near the C-terminus, where the downstream sequence determines the subcellular localization of hPif1 isoforms, nucleus or mitochondria: the short alpha type hPif1 migrates to the nucleus while the long hPif1 (beta-type) having an additional 623-657 amino acid residues migrates to mitochondria. To study if the amino acid sequence of the presumptive MTS is sufficient for mitochondrial migration, we made a recombinant EGFP protein that contains the MTS at the C-terminal region. When this chimeric EGFP protein was expressed in HeLa cells, it was found that the EGFP-MTS failed to migrate to the mitochondria as shown in Fig. 2B-14 , suggesting that MTS alone is not sufficient for mitochondrial migration. The result suggests that the MTS in hPif1 perhaps facilitates the formation of secondary or tertiary structure required for mitochondrial migration by interacting with other region of hPif1 molecule. The C-terminal region does not have any clear sign of MTS although it has a lipocalin signature sequence, characteristic of protein secretion.
These observations indicate that mitochondrial localization of hPif1 (beta-type) is directed by the C-terminal region. On the other hand, the arginine-rich sequence in the N-terminal region seems to function as a nuclear location signal (NLS). The C-terminal amino acid sequence driving to mitochondria, however, seems to be stronger than the N-terminal NLS when both exist in the same molecule.
Large hPif1 (Beta-Type) Is Predominantly Present in
Mitochondria To analyze the subcellular localization of hPif1, transiently expressed hPif1 was analyzed by immunocytostaining using N-or C-terminally tagged FLAG sequences (FLAG-Pif1 or Pif1-FLAG). The expressed hPif1-alpha type fusion protein (FLAG-Pif1 or Pif1-FLAG) was present in the nucleus, and the hPif1-beta type protein (FLAG-Pif1 or Pif1-FLAG) appeared to be present in the mitochondria (Fig. 2B) .
To confirm the mitochondrial localization of endogenous and transiently expressed hPif1 (beta-type), subcellular fractionation of HeLa cell extracts was done to obtain the purified mitochondorial fraction, and the presence of hPif1 was assessed by immunostaining (Fig. 3) . To this end, anti-human Pif1 polyclonal antibody was made using synthetic polypeptide as antigen (see Materials and Methods), and the quality of anti-human Pif1 polyclonal antibody was first evaluated by a series of siRNA experiments that silence the expression of endogenous hPif1 helicase. When this antibody was tested in HeLa cell extracts, three distinct bands were visible, but after gene silencing two of them disappeared (Fig. 3A) . The endogenous hPif1 levels were reduced at 30 h after transfection with either of the two Pif1 siRNAs, P2 or P8 while the nonsilencing (NS) siRNA transfection had no effect on the Pif1 levels. The remaining band, a middle-size band, was a nonspecific reaction product (Fig. 3A, asterisks show the nonspecific band).
Mitochondria were separated from the nuclear and cytosolic fractions by sedimentation, and were further purified by sedimentation using sucrose gradient centrifugation. The purity of mitochondria preparation was ensured by enrichment of human mitochondria protein M117 (Fig. 3B ) and the absence of nucleolus protein B23 (Fig. 3C ). These studies showed that endogenous human Pif1 was in both mitochondria and nuclear fractions: low molecular size Pif1 was in the nucleus and high molecular size Pif1 was in the mitochondria (Fig. 3D ). These observations supported our conclusion obtained from analysis with immunocytostaining. To further confirm mitochondrial localization of hPif1-beta, N-terminally tagged (FLAG-hPif1) fusion protein was expressed in HeLa cells, and we investigated its location by using Western blotting. The results show clearly that recombinant hPif1 (FLAG-hPif1) localized predominantly in mitochondria (Fig. 3E) . Some, faint FLAG signals appeared also in the nuclear fraction. These observations suggest that betatype hPif1 can be imported to both mitochondria and nucleus.
Expression of hPif1 as a Function of Cell Cycle Progression Because the function of Pif1-like helicase is considered to be a fork progression during genome replication, we predicted that the cellular contents of hPif1 may be synchronized along with cell cycle and cellular DNA synthesis. The relative hPif1 protein levels were determined in HeLa cells that were arrested by serum starvation or after initiation of cell proliferation by adding serum. As the cell cycle proceeded by serum-stimulation, the hPif1 protein level markedly increased during S phase as measured by immunoblotting, while the level of non-specific band (middle) remained unaffected (Fig. 4) .
Lack of hPif1 Delays S Phase Progression To gain some insight into the biological function of hPif1 helicase in human cells, we used small interference RNA (siRNA) to silence the hPif1 gene at various stages of the cell cycle. Silencing a particular gene by siRNA is an effective method to evaluate the gene function in the cultured cells. After screening several siRNA sequences against hPif1, we obtained siRNAs that suppress hPif1 expression by more than 90% compared with cells treated similarly with siRNA with nonspecific sequences. Western blot analysis indicated that two kinds of siRNAs (P2 and P8) were equally efficient in inhibiting hPif1 expression (Fig. 3A) . As expected these siRNAs down-regulated the expression of both hPif1-alpha and beta isoforms. The progression of the cell cycle was markedly affected at the S phase as demonstrated by flowcytometeric analysis (Fig. 5) . These data suggest that hPif1 participates in cell cycling, particularly in the S phase progression. There was no apparent change, however, in the number and/or the morphology of mitochondria in the hPif1-depleted HeLa cells (data not shown).
hPif1 Shows ATPase and Helicase Activity To identify if hPif1 helicase indeed has ATPase and helicase activities, recombinant hPif1 was synthesized and purified. As for other proteins, 6, 14, 15) recombinant full-length hPif1 aggregated and degraded in both E. coli and baculovirus protein expression systems. Therefore, a truncated form of the alpha-type of hPif1 was selected and the expression plasmid was constructed to obtain protein in Sf9 insect cells. The truncated form of hPif1 consisted of 404 amino acids (202-641 of the total 641 amino acids) and contained seven conserved helicase motifs. Recombinant hPif1 was generated as a fusion protein having a molecular weight of 50 kDa with amino ter- minal 6ϫHis-residues (Fig. 6A) . The 6ϫHis-hPif1 protein was purified to homogeneity by using Ni-NTA column chromatography.
The purified recombinant hPif1 had ATPase activity that required divalent cations and single-stranded DNA (Table 1) . Low concentrations of Mn 2ϩ (0.5 mM) were more efficient than Mg 2ϩ (1 mM) for ATPase activity, and a high concentration of salt (Ͼ50 mM NaCl) tended to inhibit ATPase activity. Recombinant hPif1 dephosphorylated CTP and dATP in the absence of ATP (1 mM), suggesting it reacts with nucleotide triphosphates other than ATP.
DNA unwinding activity was also detected with this recombinant hPif1 protein using a 24/42 partial duplex as the substrate, and the unwinding reaction proceeded in the 5Ј to 3Ј direction depending on the presence of ATP as shown in Fig. 6B .
DISCUSSION
The human Pif1 (hPif1) gene exists in chromosome 15 and encodes two isoform proteins of molecular weight 74 kDa and 80 kDa, both showing a high homology to Saccharomyces Pif1p/Rrm3p. Two Pif1 isoforms share conserved helicase motifs but have differential C-terminal regions. To our great interest, this C-terminal difference altered the subcellular distribution of two Pif1 isoforms. The hPif1-alpha type fusion protein was localized in the nucleus, and hPif1-beta type was predominantly localized in mitochondria (Fig. 2B ). These observations predicted that the C-terminal region of beta-hPif1 may serve as the signal to drive the protein to mitochondria. In general, the molecular mechanism behind mitochondrial localization of specified human proteins has not been well understood. The Bax protein (a structural protein involved in apoptosis) and the caspase-mediated cleavage product of cytoskeletal actin are among few cases in which their C-terminal regions are known to be involved in mitochondrial targeting. In Bax protein, dimerization of protein via protein interaction at the C-terminal region which takes place by the apoptotic stimulation seems to be necessary for mitochondrial targeting, 23) while disclosing the latent MTS signal by proteolytic cleavage is important for transportation of cytoskeletal actin. 24) In relation to enzymes that function in mitochondria, the hFis1 protein participates in mitochondrial fission is the only protein which MTS in the C-terminal region has been defined. 25) As a functional enzyme that exists in the mitochondria, the hPif1 helicase is probably the first mammalian enzyme whose localization in mitochondria is investigated in light of C-terminal amino acid signal sequence. The reason why hPif1 is imported to mitochondria remains unclear because the hPif1-beta type is devoid of MTS consisting of an amphiphilic alpha helix motif in the expected C-terminal region. Perhaps, an yet unknown secondary or tertiary structure may exist in the C-terminal region that facilitates the localization of Pif1-beta in mitochondria. Because the two forms of hPif1 share all the molecular motifs characterized for DNA helicase (shown in Fig. 1c) , we speculate that both types of helicases are biologically functional, as shown in Fig. 6 . Cheng et al. 26) recently showed that the Saccharomyces cerevisiae Pif1p helicase which shares the helicase motifs with hPif1 was indeed functional in unwinding the mitochondrial DNA in consistent with this speculation, although the Pif1p contained the MTS at the Nterminal region. 4) As for the biological role of DNA helicase in mitochondria, there are three DNA helicases: Twinkle, 27) MDDX28 28) and hSuv3p helicase, 29) that participate in various mitochondrial genome transactions required for DNA repair and maintenance. To assess the role of new human Pif1 helicase in Fig. 6 . Characterization of hPif1 Helicase (A) Purification of recombinant hPif1 proteins: The hPif1 was expressed in the insect Sf9 cells as a fusion protein with N-terminal 6ϫHis residues and purified as described in Materials and Methods. Purified proteins were resolved by SDS-PAGE and were detected by Coommassie blue staining. Pre-stained protein size marker was from BIO Rad. (B) Detection of DNA helicase activity in purified recombinant hPif1: Two types of DNA molecules were used as substrates for helicase reaction. TAMRA-labeled oligonucleotide was used in one of the strand of substrate DNA as the reporter strand. a) The complete reaction mixture described in Materials and Methods.
cell cycle, the homologue proteins of yeasts were compared. Yeast, S. cerevisiae had Pif1p and Rrm3p and S. pombe had Pfh1p helicase. These Pif1-like helicases participate in repair of fragile sites, such as the telomere 10, 11) and rDNA regions. [7] [8] [9] Rrm3p of S. cerevisiae seems to differ from Pfh1p of S. pombe in relation to their importance in cell viability. The gene encoding Pfh1ϩ, the S. pombe's Pif1-like helicase, is essential for cell viability and may have important roles in chromosomal DNA replication. 14, 15) By contrast, S. cerevisiae cells lacking both Pif1 and Rrm3 genes are viable, 7) suggesting that Pif1p and Rrm3p in S. cerevisiae may have different roles from Pfh1p in S. pombe. In addition, it was reported that Pif1 participates in the regulation of telomere length in S. cerevisiae because the overexpressed wild-type Pif1p shortens the telomere length but the mutated Pif1p elongates the telomere length, 15) consistent with the recent finding that overexpression of human Pif1 inhibited telomerase activity in fibrosarcoma tumor cell HT1080. 16) In our study with human Pif1, the overexpression of the wild type, but not the dominant negative mutant type, killed recipient HeLa cells, suggesting a possible interaction with other important cellular proteins. In this context, the telomere length of HeLa cells that contain the overexpressed mutant hPif1 (K234M, D306A or R584A) did not seem to be affected after 15 times of cell doubling (data not shown).
In HeLa cells, hPif1 expression is correlated with the cell cycle of replication, and the down regulation of hPif1 results in delaying S phase progression. In human cells, TP53 protein has important roles in intra-S and G2/M transition, avoiding having aberrant replication. Consequently, depletion of TP53 gene results in generation of aberrant genomic structures, which unless otherwise repaired, causes genomic instability and cell transformation to cancer. In HeLa cells used in this study the TP53 gene is lost by transformation with papilloma virus E6 protein. Accordingly, HeLa cells lacking normal hPif1 or having a down-regulated hPif1 level permits aberrant DNAs and may undergo immature replication. Under the intact checkpoint system, the intra-S checkpoint causes reduced rates of DNA replication and slower cell cycle progression in response to severe DNA damage to avoid abnormal replication. The delayed progression of cell cycle observed with hPif1-specific silencing suggests that hPif1 helicase may participate in the important role of DNA replication or repair.
